If colonization of empty habitat patches causes genetic bottlenecks, freshly founded, young populations should be genetically less diverse than older ones that may have experienced successive rounds of immigration. This can be studied in metapopulations with subpopulations of known age. We studied allozyme variation in metapopulations of two species of water fleas (Daphnia) in the skerry archipelago of southern Finland. These populations have been monitored since 1982. Screening 49 populations of D. longispina and 77 populations of D. magna, separated by distances of 1.5-2180 m, we found that local genetic diversity increased with population age whereas pairwise differentiation among pools decreased with population age. These patterns persisted even after controlling for several potentially confounding ecological variables, indicating that extinction and recolonization dynamics decrease local genetic diversity and increase genetic differentiation in these metapopulations by causing genetic bottlenecks during colonization. We suggest that the effect of these bottlenecks may be twofold, namely decreasing genetic diversity by random sampling and leading to population-wide inbreeding. Subsequent immigration then may not only introduce new genetic material, but also lead to the production of noninbred hybrids, selection for which may cause immigrant alleles to increase in frequency, thus leading to increased genetic diversity in older populations. M ANY populations exist as metapopulations, that dynamics affect genetic diversity has received less attenis, as populations structured into interconnected tion. Theory predicts that turnover dynamics mostly demes with local "turnover" dynamics of extinction and (but not invariably) lead to increased genetic differentirecolonization (Andrewartha and Birch 1954; Hanation and decreased local genetic diversity as compared ski 1999). Evolutionary processes in metapopulations to similarly structured populations without extinction differ in many aspects from those in large, uniform popand recolonization dynamics (Slatkin 1977; Wade and ulations because gene flow among demes is restricted, McCauley 1988; Whitlock and McCauley 1990; local demes may be small, and turnover dynamics lead Austerlitz et al. 1997Austerlitz et al. , 2000; Le Corre and Kremer to genetic bottlenecks during recolonization (Andrew-1998; Pannell and Charlesworth 1999) . artha and Birch 1954; Hanski and Gilpin 1997; HanThis can be studied empirically in metapopulations ski 1999). Moreover, metapopulation structure may be in which the age of local demes is known. If turnover important for evolutionary processes even in populadynamics increase genetic differentiation, young demes tions that do not exist as ecological metapopulations should be more strongly differentiated than old demes, (i.e., with turnover dynamics too weak to influence debecause age structure in metapopulations is a direct mography). This is because many migrants are needed consequence of turnover. Indeed, a number of empirito homogenize the genetic structure of subdivided popcal studies have found decreasing differentiation with ulations, whereas only a few individuals may be needed population age (Whitlock 1992a; 
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Goudet 1997; Ingvarsson et al. 1997 ; Mopper et al. The impact of restricted gene flow and finite local 2000; but see Dybdahl 1994). population size on genetic diversity have been studied
The reason why turnover dynamics mostly increase extensively (Wright 1969; Slatkin 1985 ; Hedrick genetic differentiation and decrease local genetic diver-2000; Excoffier 2001). The question of how turnover sity is that recolonization events usually involve a smaller number of individuals than the demes can eventually support, and extinction limits the life time of demes, 1 recently colonized demes are predicted to be more difand population age. Genetic structure was assessed with allozymes, which allowed us to screen a large number ferentiated and to have reduced levels of local genetic diversity compared to older demes, the magnitude of of local populations (77 and 49 for the two species, respectively). Finally, investigating the genetic structure these differences may be small, especially if turnover rates are high, local populations are large, and migraof newly colonized populations only, we tentatively estimated the number of colonizers, which for several reation rates are low. This is because under these circumstances, return rates to equilibrium are so low that most sons is believed to be small, but has never been studied explicitly (Ebert et al. 2002; Haag et al. 2002) . local populations may become extinct before subsequent immigration has significantly changed the effect Daphnia rock pool populations form metapopulation systems with discrete habitat patches and frequent exof the founder events (Crow and Aoki 1984; Whitlock 1992b) . In such metapopulations it may thus be difficult tinction and recolonization (Ranta 1979; Hanski and Ranta 1983; Pajunen 1986 ; Bengtsson 1989; Ebert to detect genetic consequences of turnover by studying how local genetic diversity and genetic differentiation et al. 2001; Pajunen and Pajunen 2003) . In our study area, the average proportion of pools containing D. change with population age.
Yet in metapopulations with strong founder effects magna or D. longispina populations in a given year is 17% for D. longispina and 18% for D. magna and the not only neutral but also selective processes may influence genetic differences between young and old populayearly extinction probabilities are 17 and 16%, respectively. Since 1982, the number of extinctions, on avertions. Genetic bottlenecks during colonization lead to local inbreeding (e.g., Kirkpatrick and Jarne 2000;  age, is balanced by the number of new colonizations (Pajunen 1986; Pajunen and Pajunen 2003 Ebert et al. 2002) . Hybrid vigor may thus lead to changes in local genetic diversity and The study system: We studied metapopulations of the small genetic differentiation after colonization that are faster filter-feeding freshwater crustaceans Daphnia longispina and D. magna (Cladocera). In our study area in the skerry archipelago than changes driven only by the neutral processes of of southern Finland, the two species occur in rock pools, small drift during colonization and subsequent migration.
water-filled depressions in the bare rock that are often found
The aim of this study was to assess how local genetic along the Baltic Sea coast. Rock pools represent a patchily diversity and genetic differentiation change with popudistributed and discrete environment and mostly freeze solid lation age in metapopulations of two co-occurring Daphin winter. Both species reproduce by cyclical parthenogenesis, in which phases of asexual reproduction are intermitted by nia species. Both metapopulations are characterized by sexual reproduction. In rock pools Daphnia survive the winter high yearly turnover rates (‫/%71ف‬year), stressing the as resting eggs. In spring, only females hatch and start to potential importance of turnover dynamics for the gereproduce asexually. Because resting eggs can be produced netic population structure. The two metapopulations only sexually, each hatchling female is the founder of a genetiare further characterized by large populations (often cally unique clone. The number of hatchlings is estimated to be at least in the hundreds to thousands (C. R. Haag, personal Ͼ10,000 individuals) and low migration rates, indicatobservation) and local populations often contain tens of thouing that neutral rates of change after colonization may sands of individuals. The length of an asexual generation be low (Crow and Aoki 1984; Whitlock 1992b) .
(hatching to first reproduction) is 10-20 days and there are Therefore, the observation of hybrid vigor after immitypically ‫21-8ف‬ generations during the season ‫5ف(‬ months gration in one of the species (Ebert et al. 2002 ) may in our study area). The production of males is triggered by the environment (Hobaek and Larsson 1990; Kleiven et al. be crucial for understanding the patterns of change in 1992), and males are genetically identical to their clonal sisters genetic structure with age.
(environmental sex determination; Hebert and Ward 1972). This study also profits from detailed knowledge of ble association between population age and genetic
The study area: Our study area is in the archipelago of structure or lead to spurious correlations because they southern Finland at Tvärminne on the Hanko peninsula (59Њ50ЈN, 23Њ15ЈE; Figure 1 ), where we collected samples of themselves may be correlated to both genetic structure D. longispina between July 17 and August 17, 1999, and samples of D. magna between June 12 and August 23, 1998. All samples were taken from an area consisting of 13 islands and a total of 507 pools. At the time of sampling, 13% of the pools were inhabited by D. longispina and 19% by D. magna. However, we included only isolated pools; that is, we excluded pools receiving water from other pools because these cannot be considered independent. This resulted in a total of 49 populations of D. longispina on 8 islands and 77 populations of D. magna on 13 islands, separated by distances of 6-2077 m and 1.5-2180 m, respectively ( Table 1 ). The geographic location of each pool was recorded by the use of a differential global positioning system (with accuracy to the nearest meter).
Data collection
Genetic data: Samples were collected with a hand net with equal effort in all parts of a pool. Samples were brought to the laboratory, where they were kept alive at 12Њ and at low density to prevent selective mortality. Random samples of usually 22 individuals (range 20-22 in D. longispina ; 8-22 in D. magna) were screened for allozyme polymorphism by cellulose acetate electrophoresis (Hebert and Beaton 1993) . During each visit, the presence and absence of Daphnia was recorded, and the identity of present Daphnia species was determined. From this data, we calculated the age (in years) of the populations for each species separately (the dinates. We used distance to neighbor rather than connectivity (Hanski 1994) because the latter differed strongly among age of newly established populations was 0). Note that maximum age was 17 in D. longispina (18 populations) and 16 in islands and was therefore confounded with the "island" variable. Isolation may be inversely correlated with genetic diver-D. magna (16 populations). These populations may be of even older age, because they were colonized before or in 1982.
sity, because more isolated pools may receive fewer immigrants (isolation by distance). Isolation may also be negatively correFor statistical analysis they were treated as if they had been colonized in 1982 (see discussion). A population was aslated with population age because decreased migration rates make genetic and demographic rescue effects (Brown and sumed to be absent only if it was not found during three consecutive sampling dates. After this period, reestablishment Kodric-Brown 1977; Richards 2000) less probable. Relative distance to the sea: Rock pools in our study area occur of a population from local resting eggs was considered to be unlikely on the basis of the observation that, using this critein the treeless zone between the shore and the forest. The width of this zone varies between 4 m in sheltered places to rion, the likelihood of recolonization depended on distance to the nearest occupied pool, and no resting eggs were found ‫001ف‬ m in places that are most exposed to wind and waves. As a measure of the impact of the sea on the pools, we calcuin sediment samples of empty pools (Pajunen and Pajunen 2003; V. I. Pajunen, unpublished data) .
lated the relative distance of the pool to the sea, that is, the distance of the pool to the sea divided by the width of the Ecological variables: For each sampled pool, we recorded the following ecological variables, which may be correlated treeless zone at the location of the pool. For the five small treeless islands that were each harboring one or two populawith genetic diversity and population age (Table 2) : pool volume, isolation, relative distance to the sea, and presence tions (D. magna only), the width of the treeless zone was set to 100 m because this was the maximum distance recorded of competitor species.
Pool volume: For each pool, we recorded the greatest length for pools on islands with trees and reflects strong exposure.
Relative distance to the sea may be correlated with genetic at the surface, the greatest width perpendicular to it, and the maximum depth. Pool volume was estimated by assuming the diversity because exposed pools may represent a less stable environment than sheltered pools (e.g., due to sudden changes shape of an inverted pyramid (length ϫ width ϫ depth/3). We considered pool volume as a potential correlate of genetic in salinity), and thus population sizes may be reduced. Due to their lower stability, exposed pools may also have higher diversity because larger pools may contain larger populations and receive more immigrants than smaller pools. Because of extinction rates, and exposure may thus be negatively correlated with population age. its potential effect on turnover rates, pool volume may also be correlated with population age.
Presence of competitor species: For D. longispina interspecific competition was considered to be high if D. magna and/or Isolation: As a measure of the isolation of a pool, we calculated the distance to the nearest pool inhabited by the same D. pulex (a third co-occurring species of Daphnia) were present in the same pool at the sampling date. For D. magna the presDaphnia species ("distance to neighbor") from the pool coor- Abbreviations of names correspond to labels in Figure 1 . Coordinates are in kilometers, according to the Finnish coordinate system. ence of D. longispina and/or D. pulex was considered. Comisland as a factor, they were carried out only for pools from petitor species were present in 31 and 36% of D. longispina and islands with more than one pool. We used a forward selection D. magna populations, respectively. We considered interspeprocedure (P to include 0.05, P to exclude 0.1; Sokal and cific competition as a potential confounding factor because it Rohlf 1981) to determine explanatory variables that had a may influence population sizes and extinction rates (Bengtssignificant effect after correcting for other significant factors. son 1989).
We also used Akaike's information criterion (AIC) to identify the model that best explained the data. For all statistical analyses, volume, distance to neighbor, Data analysis and the relative distance to the sea were log 10 transformed. After transformation, the variables showed approximately norDescription of genetic diversity and differentiation: As meamal distribution, although deviations were significant in some sures of genetic diversity, allelic richness and genotypic richcases. Yet, nonparametric alternatives for association tests with ness were calculated for each population. Allelic richness and single explanatory variables yielded almost identical results genotypic richness represent measures for the number of aland therefore we report the parametric test only. leles and the number of multi-locus genotypes in a population, In D. magna, our loci showed only limited polymorphism, independent of sample size (El Mousadik and Petit 1996; resulting in very skewed distributions of measures of genetic Goudet 2001). Allelic richness was also calculated for each diversity. For statistical reasons, we restricted association analylocus separately, to give an impression of the contribution ses between measures of genetic diversity and explanatory of the different loci to total genetic diversity. As alternative variables to polymorphic D. magna populations only; that is, measures of genetic diversity, we also calculated gene diversity we excluded all pools that contained only a single, all-homozy-(Nei 1973) and Simpson's diversity index (Stoddart 1983) gous multi-locus genotype. We are confident that the exclufor genotypes. These two measures give less weight to rare sion of monomorphic pools did not have a strong influence polymorphisms than to common ones. However, the results on our results because rank tests on the whole data set showed obtained with these two measures did not differ from the very similar results. results obtained with allelic richness and genotypic richness Association between explanatory variables and pairwise F ST : and therefore only their summary statistics are reported.
Genetic differentiation is a measure defined among several Genetic differentiation was assessed by means of F-statistics pools or between pairs of pools, whereas all our explanatory (Weir and Cockerham 1984) . Using the program FSTAT variables were defined for each pool. To circumvent this prob-(Goudet 2001), we estimated overall F ST and pairwise F ST values lem, we used simple and partial Mantel tests (analogous to between all pairs of pools.
simple and multiple regression) with pairwise F ST as the depenAssociations between explanatory variables and genetic dident variable and mean pairwise age, mean pairwise volume versity: We used allelic richness and genotypic richness as (log 10 transformed), and geographic distance (log 10 transdependent variables to investigate which of the explanatory formed) as explanatory variables. Relative distance to the sea variables listed in Table 2 were associated with genetic diverand distance to neighbor were not considered because they sity. The analysis was carried out in two steps. First, we tested were nonlinearly related to geographic distance. Mean pairfor associations between genetic diversity and each of the wise age and mean pairwise volume are means for pairs of explanatory variables separately. Number of colonizers: The number of colonizers in rock pools and obtained a combined test by Fisher's method for pool populations of D. magna is known to be very low (Ebert combining P-values (Sokal and Rohlf 1981) . Mantel tests et al. 2002; Haag et al. 2002) . The year 1998 appeared to were first carried out as simple Mantel regressions and in a be an exceptionally good year for new colonizations, as the second step as partial regressions using the program FSTAT number of new colonizations in both species in our study area (Goudet et al. 1996) and tested with 10,000 randomizations.
was more than twice the average for the period 1984-1997 The reliability of partial Mantel tests has recently been ques- (Pajunen and Pajunen 2003) . Consequently, our genetic samtioned (Raufaste and Rousset 2001) , but the main point ple contained a large proportion of the D. magna population here was not to obtain an exact P-value, but rather to see that were in their first year (28 of 77 populations) whereas whether the patterns would fundamentally change by control-11 of 49 D. longispina populations, sampled in 1999, were ling for potentially confounding variables.
in their second year. In 1999 there were 5 newly colonized To test simple associations between population age and populations of D. longispina. pairwise genetic differentiation for both species and for all To obtain a quantitative estimate of the number of colonizislands, we grouped pools in three age classes: young (0-2 ers, for all genotypes that were found in newly colonized popuyears), intermediate (3-10 years), and old (Ͼ10 years). For lations we calculated the probability of twice obtaining an each age class, we calculated average pairwise F ST (arithmetic individual with this genotype by picking two random individumean) for all pairs with both pools on the same island and als from the total metapopulation (migrant pool model of in the same age class. Standard statistical tests for differences colonization). From this, for each pool we calculated the probin pairwise F ST among age classes are not available, because ability that a pool was colonized by a given number of individdata points come from matrices and are therefore nonindeuals. pendent, but these matrices are not complete. As a conservative approximation, we used a test based on the number of pools in each age class, for which at least one pairwise estimate RESULTS was calculated. One less than the number of pools is the number of independent data points. Standard errors were Descriptive parameters of genetic diversity are given therefore calculated using the observed variance in pairwise for each locus and species in Table 3 . Within pools, F ST values in each group and the number of pools on which these estimates were based. Degrees of freedom were also between 6 and 10 alleles were found in D. longispina (summed over six polymorphic loci) and between 3 and in relative distance to the sea among islands in D. magna remained significant. 6 alleles were found in D. magna (summed over three polymorphic loci). In D. magna the overall level of polyCorrelations among dependent variables: The two measures of genetic diversity, allelic richness and genomorphism was low, possibly not due to a lack of genetic diversity, but rather due to a lack of suitable markers. typic richness, were highly positively correlated (r ϭ 0.89, N ϭ 49, P Ͻ 0.0001 in D. longispina and r ϭ 0.81, Whereas 62% of all D. magna populations contained only a single, all homozygous multi-locus genotype, this N ϭ 29, P Ͻ 0.0001 in D. magna). Nevertheless, we decided to use both as measures of genetic diversity, was the case in only 8% of the D. longispina populations.
Genetic differentiation among pools was strong, averbecause several populations were fixed for a heterozygous genotype, in which case the two measures of geaging 0.59 for D. longispina and 0.56 for D. magna at the level of the whole metapopulation (P Ͻ 0.0001 in both netic diversity differ considerably. Single explanatory variables: As a single explanatory species). Within islands, average F ST between pairs of pools was 0.28 in D. longispina and 0.27 in D. magna variable (i.e., without correcting for potential confounding factors), population age was associated with both (Table 2) . This is not the most accurate method to estimate within-island differentiation (Goudet 2001), measures of genetic diversity in both species (Table 5 , Figure 2 ). In D. magna, the regression for allelic richness but is used here because association tests with population age were based on pairwise values. A hierarchical was nonsignificant after correcting for multiple testing, but population age was overall clearly the variable that analysis of genetic differentiation for a larger data set, including the data of this study, will be reported elseshowed the closest association with genetic diversity, explaining 18-37% of the total variance, depending on where.
Correlations among explanatory variables: Before measure and species. In D. longispina, pool volume, distance to neighbor, testing for associations between the variables listed in Table 2 and genetic diversity, we tested to what degree and relative distance to the sea also were significantly associated with at least one diversity estimate. All slopes these variables were independent from each other (Table 4). Relative distance to the sea was positively correwent in the expected direction; that is, age, volume, and relative distance to the sea were positively correlated lated with population age in both species, and there was also a trend for a positive correlation between popuand distance to neighbor was negatively correlated with genetic diversity (Table 5 ). In D. magna, both measures lation age and pool volume. Furthermore, several variables showed significant variation among islands and, of diversity differed significantly among islands, but none of the other variables, except population age, was in D. magna, populations in larger pools were more likely to have a competitor species. After correction for significantly associated with genetic diversity (Table 5) .
Multiple regression analysis:
The results of the multimultiple testing (sequential Bonferroni), only variation ple regression with stepwise selection are given in Table  when the other factor is controlled for (Figure 3) . In D. magna, the model for allelic richness included island 6. In both species and for both measures of genetic diversity, population age entered in the model and reand relative distance to the sea in addition to population age. Population age, on the other hand, was the only mained significant after controlling for all other significant factors in the final model. In D. longispina, volume significant factor in the model for genotypic richness in D. magna. Overall, the models explained 31-76% of and, in the case of allelic richness, distance to neighbor were the other significant factors in the final model. the total variance in genetic diversity. Models based on the lowest AIC values usually inThis shows that both population age and pool volume have an effect on genetic diversity in D. longispina, even cluded more factors, with goodness-of-fit P-values rang- Reported statistics are either F -values (island) or t-values (all other variables). The regression slope is given only for continuous variables. N, the number of pools for which a given statistic was calculated. Significant values after correction for multiple testing (sequential Bonferroni correction) are underlined. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, ****P Ͻ 0.0001. tween genetic diversity and explanatory variables present in the stepwise models. Therefore only the stepwise models are reported.
Association between explanatory variables and pairwise F ST : The Mantel regression on the two islands with the highest number of D. longispina pools showed that regression as well as in a multiple regression after correcting for volume and distance. The Mantel regression further showed a significantly negative correlation being from 0.05 to 0.4. Additional factors included were tween genetic differentiation and volume as well as a island in D. longispina and island, volume, and relative positive correlation between genetic differentiation and distance to the sea in D. magna. Yet, inclusion of these factors did not qualitatively change the association bedistance. Only variables with significant effects (P Ͻ 0.05) remained in the final model. Slopes and P-values are given after correcting for all other factors in the model. Reported statistics are F-values (island) or t-values (all other variables). One r 2 -value is given for each complete model. *P Ͻ 0.05, **P Ͻ 0.01, ***P Ͻ 0.001, ****P Ͻ 0.0001. Comparing the means of all defined within-island pairwise F ST estimates for each age class showed that mon genotype is 53%. We thus assumed that these 16 pairwise F ST decreased with age in both species ( Figure  pools were colonized by an average of 1.8 individuals 5). Our approximate test indicated that this decrease (because this number of colonizers would result in 57% was significant in both species (D. longispina: F 2,42 ϭ 7.07, of newly colonized populations fixed for the most com-P ϭ 0.002; D. magna: F 2,48 ϭ 3.81, P ϭ 0.03). mon genotype). For the other monomorphic populaNumber of colonizers: In D. magna, 19 of 28 newly tions, the probability that they were founded by two colonized populations contained only a single homozyindividuals of the same genotype was Ͻ10%. Therefore, gous genotype, and 5 populations were fixed for a single we assumed that these populations were founded by heterozygous genotype. In D. longispina, 1 of 5 newly one individual. Assuming further that polymorphic popcolonized populations was fixed for a homozygous and ulations were founded by the number of individuals 1 for a heterozygous genotype.
equal to the number of genotypes that they contained For D. magna populations, 16 populations (57%) were (two or three), we obtained an overall estimate of 1.7 fixed for the most common homozygous genotype. The colonizers (range 1-3)/population. For D. longispina, overall frequency of this genotype in the metapopulathese calculations lead to an estimate of 3.2 colonizers tion was 73%. Assuming two randomly picked genotypes (range 1-9), which is higher, because 1 newly colonized from the whole metapopulation (migrant pool migrapopulation contained nine genotypes. Without this poption), the probability of twice obtaining the most comulation, the estimate is 1.75 colonizers (range 1-2).
DISCUSSION
In the studied metapopulations of Daphnia, genetic differentiation was stronger among young populations than among old populations and young populations were also genetically less diverse. Because variation in population age is a direct consequence of extinction and recolonization, this pattern, which is highly consistent between the two species, suggests that turnover leads to decreased local genetic diversity and to increased genetic differentiation in these metapopulations.
It is likely that both the increase in genetic diversity number of colonizers creates strong genetic bottlenecks (founder events) and consequently, newly founded popthe large population size and the low migration rates (Whitlock 1992b (Ebert et al. 2002) . In be the main source of both colonizers and migrants.
this metapopulation, local populations appear to be Because this form of dispersal is entirely passive, it may strongly inbred due to founder events. Particularly if be assumed that colonization and migration are qualitapopulations are founded by single individuals, resting tively the same; that is, colonization is migration into a eggs can be produced only by within-clone mating, and pool that happens to be empty. The number of colonizthus all hatchlings in the following season will be the ers may therefore be assumed to be equal to the number result of selfing with an inbreeding coefficient of 0.5. of migrants and turnover is thus expected to increase If subsequent immigrants mate successfully with the residifferentiation in this system. dent population, they produce noninbred hybrids, Our analyses indicate that the number of colonizers which have a selective advantage. During selection for (and thus the assumed number of migrants) is very low hybrids, all genes introduced by immigrants rapidly incompared to the large local population sizes. Migrant crease in frequency because they represent half of the frequencies in populations are thus expected to be hybrid's genes, whereas the initial frequency of immismall, and, in a neutral model, most immigrant genes grant genes in the pool is likely to be much lower. would disappear by drift, and even the few that increase Immigration, even by a few individuals, can thus have would increase slowly. Thus, the equalizing effect of a strong effect on genetic diversity if the immigrants migration on gene frequencies will be small and most succeed in mating with residents to produce hybrids. populations may become extinct before genetic diversity Hybrid vigor thus leads to an increased effective migrahas significantly increased (Crow and Aoki 1984; tion rate (Ingvarsson and Whitlock 2000) and reWhitlock 1992b). This means that with the parameters duces population differentiation (Pamilo et al. 1999) given by the Daphnia metapopulations it should be difand hence may represent a mechanism by which genetic ficult to detect a change of genetic population structure population structure in metapopulations may be closely with age. This can best be seen in a numerical example, related to the age structure of local demes. Other possiwhich is intended to reflect the general properties of ble selective advantages of immigrants may further conDaphnia metapopulations but makes the simplifying astribute to this pattern, as, for instance, locally adapted sumption of the island model of population structure, parasites, which may reduce the fitness of local residents that is, that migrants and colonizers are drawn at ranmore than they affect the fitness of immigrants. dom from the whole metapopulation. We calculated A number of other studies have found a decrease of equilibrium F ST in the absence of turnover, assuming genetic differentiation or an increase in genetic diversity local demes of 1000 individuals (N ϭ 1000) exchanging with population age (Whitlock 1992a . It is not clear to which degree hybrid vigor has of migrants (i.e., k ϭ N m ϭ 1, which implies that colonizacontributed to these studies. In plant metapopulations, tion is migration into empty patches). With these paraman important factor contributing to higher numbers of eters, expected equilibrium F ST in the absence of turnmigrants than of colonizers is that colonization has to over is 0.2. With turnover, expected F ST among newly take place by seeds, whereas subsequent gene flow can colonized populations is 0.5 (Wade and McCauley also be mediated by pollen (McCauley et al. 1995; Giles 1988) , showing the strong effect of turnover. However, and Goudet 1997). However, in all studies genetic botthe expected overall F ST of a metapopulation described tlenecks occurred during colonization. A possible conby these parameters is 0.49 (Wade and McCauley tribution of hybrid vigor should therefore not be ne-1988), which is only slightly less than that among newly glected. colonized populations. The reason for this small differWe have estimated the number of colonizers using ence, which would make it almost impossible to detect assumptions of the migrant pool model. In reality, colodifferences in genetic differentiation between young nizers may come mainly from a close-lying pool (Pajuand old populations, is that the time required to return nen and Pajunen 2003), indicating that our estimate is likely to be an underestimate of the real number of halfway back to F ST ϭ 0.2 is 277 generations due to colonizers because colonizers may be genetically more during the summer). Yet, it was important to include these ecological variables in this study because they were similar to one another and a larger propagule size would thus not be detected as easily. Yet the repeated occuralso correlated with population age and correlations between genetic measures and population age without rence of fixed heterozygous populations among newly colonized populations (6 of 33 newly colonized populacontrolling for ecological variables may have been spurious. Our analysis indicates that this was not the case tions, summed across species) indicates that the number of colonizers is indeed low. This is because fixed hetero-(see also Figure 3) . Nevertheless, our study shows that a number of ecological factors can play an important zygous populations must have been colonized by heterozygous individuals only. Furthermore, the number of role in determining genetic population structure.
In conclusion, we found that older populations had a colonizers calculated under the assumption of migrant pool colonization may come close to the effective numhigher genetic diversity and that genetic differentiation among pools decreased with population age. In the ber of colonizers (Ingvarsson 1998) , that is, to the number of colonizers that would have the same effect studied metapopulations, this pattern seems unlikely to be caused by neutral processes alone because large on genetic differentiation if colonization happened according to the migrant pool model. population sizes and low migration rates predict that long time spans would be required for the observed In D. longispina, genotypic richness increased from 2.5 to 5.8 over the time span of the whole study and in patterns to become evident. We therefore think that the results are more easily explained if immigrant genes D. magna from 1.2 to 2.2 (monomorphic populations not excluded). At the same time pairwise F ST estimates are selectively favored, for instance, by hybrid vigor, which has been shown for one of the metapopulations. This mechanism suggests that genetic bottlenecks during colonization cause low genetic diversity of young the oldest populations may in fact be older than 16 or 17 years because they were founded before the onset of populations and population-wide inbreeding. Subsequent immigration leads to hybrid vigor, which gives a the study. This indicates that a class of old and relatively stable populations may exist, which may act as a reservoir selective advantage to immigrant genes. Thus, even with large local population sizes and low nominal (as opof genetic diversity (Pajunen and Pajunen 2003) . We think that this does not change our general conclusion posed to effective) migration rates, increases in diversity may be observed within a reasonable time because hyfor two reasons. First, the associations among population age genetic differentiation as well as the association brid vigor increases the effective migration rate. between population age and local genetic diversity do
